Following presentation with abnormal liver function enzymes, confusion and fatigue, a 65-year-old male with alcoholic cirrhosis underwent spectral Doppler sonography that showed tardus parvus-like morphology in the main and left hepatic arteries, although peak systolic velocities and resistive indices remained normal. The patient's continuing clinical symptoms prompted CT angiography, which demonstrated an unexpected, haemodynamically significant stenosis of the celiac artery. Although the stenosis was successfully stented and the hepatic arterial waveforms normalized, the transplanted liver had already undergone ischaemic necrosis, with resulting failure and the need for retransplantation. Recognition of abnormal waveforms, despite normal peak systolic velocities and resistive indices, with prompt definitive imaging evaluation of the arterial tree beyond just the main hepatic artery, may lead to the diagnosis of unexpected flowlimiting lesions in time to allow revascularization and thus prevent ischaemic transplant failure.
CLINICAL PRESENTATION AND IMAGING FINDINGS
A 65-year-old male with a history of alcoholic cirrhosis and orthotopic liver transplantation presented with elevated liver function enzymes, confusion and fatigue. The transplantation procedure, performed 11 years ago, had been conducted in the standard fashion, with venovenous bypass, ligation of the patient's gastroduodenal artery and end-to-end anastomosis between the donor's celiac artery and the patient's common hepatic artery. The patient had been taking medication for hypertension and had a 10year history of cigarette use. Spectral Doppler sonography demonstrated abnormal waveforms with tardus parvus-like morphology within the main and left hepatic arteries, both of which demonstrated blunting of the systolic upstroke ( Figure 1a ). However, unlike the classic tardus parvus pattern, the peak systolic velocities remained within normal limits (measuring approximately 70-90 cm s -1 ) and the resistive indices (RIs) also remained within normal limits, not falling below 0.5 (measuring 0.65 and 0.64 in the main and left hepatic arteries, respectively). 1 Despite these normal values, the blunted systolic upstroke and the patient's unremitting clinical presentation prompted concern for a flow-limiting arterial lesion causing graft ischaemia. CT angiography 2 days thereafter revealed not only a normal main hepatic artery and patent surgical arterial anastomosis, but also an unexpected, haemodynamically significant stenosis (exceeding 50% diameter 2 ) at the origin of the celiac artery ( Figure 2 ).
TREATMENT AND OUTCOME The patient underwent transarterial celiac angiography 2 days after the CT angiogram and 4 days following his initial clinical presentation and sonogram. A balloon-expandable stent was successfully placed across the celiac lesion, with resolution of the stenosis and improved, robust flow throughout the hepatic arterial tree.
Follow-up hepatic artery Doppler sonography 2 days later demonstrated normalization of the hepatic arterial waveform morphology in the main and left hepatic arteries, with restitution of brisk upstrokes in both and restitution of the early systolic peak in the latter (Figure 3) . However, the RIs did not diminish as would be expected, remaining elevated at approximately 0.86, and the peak systolic velocity in the left hepatic artery was subnormal at 58 cm s -1 . These findings prompted transjugular liver biopsy, which demonstrated extensive ischaemic necrosis within the transplanted liver. Ultimately, owing to the unabated and severe hepatic dysfunction caused by the ischaemia, the transplant was declared irretrievable and the patient was scheduled to undergo retransplantation.
Despite all available efforts, the patient could not be contacted and thus informed consent could not be obtained; however, no identifying personal information is presented herein.
DISCUSSION
Hepatic arterial complications are a major source of morbidity and mortality following liver transplantation and can occur with grafts from non-living as well as living donors. [1] [2] [3] [4] These complications usually occur at the site of donor/recipient anastomosis and can include thrombosis, stenosis, dissection, arteriovenous fistulas and pseudoaneurysm formation. Spectral Doppler sonography is the mainstay imaging modality for monitoring post-operative hepatic blood flow and, accordingly, the early detection of arterial complications. The classic tardus parvus waveform, for example, with diminished systolic upstroke slope and RI < 0.5, has been shown to be both sensitive and specific for upstream arterial lesions within the hepatic artery. [1] [2] [3] [4] Correct diagnosis of flow-limiting lesions is crucial to permit prompt revascularization, when necessary, to prevent ischaemic necrosis and loss of grafted livers. 1, 5, 6 In the acute setting, diminished arterial inflow may lead to graft infarction and insufficiency, and in the subacute or chronic setting, it may result in biliary necrosis. Retransplantation is often the only effective course of therapy for a graft that has become extensively infarcted, and non-invasive monitoring of hepatic arterial blood flow with spectral Doppler sonography is critically important for the early detection of hepatic arterial insufficiency. 1, 5 Less frequently, but no less importantly, diminished hepatic arterial inflow may relate to lesions in the celiac artery rather than the anastomosis within the hepatic artery. Additionally, diminished venous outflow may impede hepatic arterial inflow. Park et al 6 have noted that the tardus parvus waveform can be seen in patients with celiac artery stenosis, post-biopsy arterioportal fistulas and flow-limiting lesions of the portal or hepatic veins. We present a case of a hepatic transplant compromised by an unexpected celiac artery stenosis, a lesion that was not diagnosed promptly enough to prevent ischaemic necrosis and loss of the graft.
This case illustrates several essential points relevant to the sonographic evaluation of a transplanted liver. The first is the importance of recognizing that an abnormal hepatic arterial waveform may indicate significant inflow restriction even when other values, such as the peak systolic velocity and the RI, remain within normal limits, which they did in this patient. Not every patient with significant flow-limiting lesions demonstrates classic tardus parvus findings. 5 Indeed, the classic finding of RI < 0.5 was not observed in this case, in spite of the significant celiac artery stenosis. We speculate that this unusual occurrence reflects increased resistance within the transplant arterial bed as the graft was undergoing ischaemic necrosis, supporting the elevated RI values.
Second, timely imaging evaluation is essential in the setting of a possibly ischaemic transplant. 4 full days passed between the patient's presentation with tardus parvus-like hepatic arterial waveforms and the stenting procedure that finally restored robust hepatic arterial flow. We speculate that had more rapid intervention been performed, the extent of ischaemia may have been limited and the graft failure averted. With this in mind, definitive imaging (CT, MR or transarterial angiography) should be pursued promptly when an abnormal hepatic arterial waveform is recognized in the setting of graft dysfunction.
It is essential to consider feeding vessels in addition to the main hepatic artery itself, such as the celiac artery, when searching for flow-limiting lesions. In the present case, the haemodynamically significant celiac stenosis undoubtedly developed after the patient's original, successful transplant surgery. Because no calcifications were demonstrated at the site of the celiac stenosis by CT angiography, the differential diagnosis would include noncalcified atherosclerotic plaque as well as the median arcuate ligament syndrome. [7] [8] [9] Some authors have noted that celiac artery compression by the arcuate ligament occurs in as many as 10% of patients undergoing liver transplantation. 7 It is rarely symptomatic, owing to efficient arterial collateralization from the superior mesenteric and the gastroduodenal arteries; however, in patients without sufficient collateralization, symptomatic hepatic arterial insufficiency and/or thrombosis may result. Fortunately, the stenting procedure for our patient restored flow such that, for either possible cause, the patient's retransplantation can proceed with adequate arterial inflow.
In summary, abnormal hepatic arterial waveforms following hepatic transplantation, even when other values such as RIs and peak systolic velocities are not abnormal, should elicit a prompt search for flow-limiting lesions using definitive imaging modalities such as CT angiography, with careful evaluation for lesions not only at the arterial anastomosis but also at other sites within the arterial tree supplying the transplanted liver.
LEARNING POINTS
1. Abnormal hepatic arterial waveforms in hepatic transplant patients, despite normal peak systolic values and normal RIs, should elicit a search for flow-limiting arterial lesions. 2. Definitive imaging, such as CT angiography, should be pursued promptly in the search for flow-limiting arterial lesions. 3. Severe complications following liver transplantation may result from unexpected flow-limiting arterial lesions at sites other than the typical location at the donor/recipient anastomosis.
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